Abstract. Radioaotive gibberellin A] (3H-GA1) was injected into excised fruits of peas and Japanese morning glory. These were then grown in sterile culture to maturity and the label was folowed in the seeds during further development and subsequent germination. During development of both pea and morning-glory seeds a large part of the radioactivity became associated with the aqueous fraction, while another part of the 3H.GA1 was oonverted into 2 new, aoidic, biologically active compounds, designated X1 and X,. A reGatively small part of the neutral compounds oould be converted back to 3H1-GA1, X1, and X, by means of mild aoid hydrolysis. During germination of pea and morning-glory seedts, part of the bound comMpounds was released in the form of 3H-GA1, X1 and X2 while, particularly during rapid seedling growth, a further conversion of 1H-GA1, mainly to X1, took place. In pea seedlings, growth during the first 2 to 3 days after imbilbition was not affected tby Amo-1618, an inhibitor of gibberellin biosynthesis. This, in conjunction with the findings on the interconversions between free and bound 3H-GA1 suggests that, at least in peas, early seedling growth may at least partly be regulated by gibberellins released from a bound form which was formed during seed development.
Pea seeds and seedlings contain 2 extractable, acidic gibberellins. One of these seems to be identical with GA5 . The other appears to be an unknown GA but in both chemical (chromatographic) properties and biological activitv it is very similar to GA1 (see 10, 22) . Pharbitis seeds contain "Pharbitis Gibberellin" which is dihydro-'GA5, and very probably GA3 (gibberellic acid) (25) , the latter being a GA which is chemically and biologically rather close to GA1. Thus, results obtained with exogenous GA1 can be assumed to reflect at least part of the endogenous situation, in peas as well as morning glory.
Materials and Methods
Radioactive GA1. GA1-3,4-3H, prepared bv selective catalytic reduction of the cyclic double bond of gibberellic acid (GA3) with a mixture of tritiunr and hydrogen (9) , was used in this investigation. Two batches of 3H-GA.1 were available, with specific activities of 87 mc/mmole and 20 mc/mmole, respectively.
Plant Material. Plants of dwarf peas (Pisum sativurn L., cv. Progress No. 9, Asgrow Seed Company) and of Japanese morning glory (Pharbitis nil Chois., cv. Violet) were grown in a gravel-vermiculite (1 :1) with light from Grolux fluorescent lamps (Sylvania) to give a photoperiod of 16 hours. The Pharbitis seedlings, when 5 days old, received 1 week of 8-hour short days (dark-period temperature, 250) in order to induce flowering.
Treatment of Excised Pea Pods and of Frruits of Morning Glory. The procedures, except for the injection of 3H-GA1, were similar to those used by Baldev et al. (1) with peas. Pods of the dwarf peas were detached from the plants 13 or 16 days after anithesis. Thirteen days after anthesis the pea seeds are still somewhat flattened and have not yet reached their maximum fresh weight. Sixteen days after anthesis they are at or near maximum fresh weight, ready to enter the phase of maturation.
After surface sterilization with 0.1 % mercturic chloride (10 min) and subsequent washing with sterile distilled water, each pod was injected with 10 ul of labeled GA1 and was placed into a 60-ml test tube with the cut pedicel inserted into a medium (20 ml) containing mineral nutrients according to Nitsch (17) , 5 % sucrose and 1 % agar.
Fruits of morning glory were treated in the same way, except that they were excised and injected with labeled GA1 18 days after anthesis. At this time, the seeds have almost but not entirely reached maximum size and fresh weight whereas dry weight continues to increase until maturity, ca. 35 days after anthesis. In 1 experiment, morning-glory fruits were injected while remaining on the intact plant until maturity.
Samples of seeds were harvested 2, 4, or 8 days after injection and immediately frozen in liquid nitrogen. The remaining cultures were harvested after the seeds had completely ripened. The seeds wvere dried in a desiccator, were imbibed for 24 hours in water, planted in vermiculite and grown in continuous darkness at 250 ± 20. The morningglory seeds were treated for 60 minutes with concentrated sulfuric acid and rinsed with water before imbibition. This is a standard procedure needed to overcome the hard-coatedness of the seeds. The seedlings were harvested at different time intervals after planting; shoots, cotyledons, and roots were frozen separately in liquid nitrogen. All frozen material was lyophilized, extracted, and analyzed for 3H-GA1, and its conversion products.
Extraction Procedures. A flow sheet of the extraction procedures is given in figure 1 . The lyophilized tissue was extracted with 100 ml methanol in a Sorvall "Omni-Mixer." The extract was filtered, the tissue residue (F'r. 1 These results indicate that, during the development of pea seeds to maturity, the injected GA1 was partially converted to a compound or to compounds which remained in the aqueous phase and probably represented, at least partly, so-called bound GA(s). During the first 3 days of germination the opposite process took place, the bound GA being converted, at least partially, back to the free form.
The Acidic Ethyl-Acetate Fraction. GA1, when applied to dwarf-pea seedlings, is partially converted to an acidic, biologically active but chemically unidentified compound which can be separated from the unaltered GA1 by thin-layer chromatography using solvent No. 2 (9). The following experiments were undertaken to determine whether a similar conversion occurs in maturing pea seeds.
In order to remove the GA,-like endogenous factor which is known to be present in peas (10, Biological activity was associated with the radioactive GA1 peak and with the radioactive peak near the origin. None was found in the region of the radioactive peak at RF 0.55 to 0.65. The unidentified GA1 conversion factor with this RF value which was previously found in pea seedlings (9') did possess biological activity. Either the factor now found in the developitng pea seeds is, despite the sinmilar l{F value, nlot the same as tile seedling factor, or more likely, biological activity was not detected because the amount of material extracted was relatively small and the acidic fraction wtas subjected to chromatography t vice. The levels of biological activity found in the pea-seed extracts wvere generally low,, very probablv because of these same reasons. The unidentified substance with RI,.
0.55 to 0.65 to which GA1 is converted will be referred to as X1, the one wvith RF 0.1 to 0.3 as X.. Table I The ratio of radioactive acidic to non-acidic compounds was higlher in the shoots than in the cotvledons, indicating a preferential mnovement of GA1 and its acidic conversion p)roducts from cotyledons to shoots. In the first 3 days after germinaLtion the ratio between tmiialtered 'H (LX, X, an(l X., remained essenitiall y tincllhaige(ld btt fronl dlay 3 to dlay 5 the relative amiotint of radioactivity associated with GA1 declined sharply in botlh cotyledons (Fr. 2) . In an experiment with the aqueous fraction of immature seeds all 3 radioactive peaks coincided with regions of biological activity but in experiments with the same phase but of mature seeds or seedlings no biological activity was detected.
Tissue Residue. In most cases a significant although minor amount of radioactivity was found in the tissue residue (Fr. 1). This had also been observed in work with seedlings, and it had been found that almost all of this radioactivity could be removed by further washing with methanol (9) . We also found that further washing of the residue with methanol, or longer grinding of the tissue before extraction resulted in removal of additional Mature seeds derived from excised fruits of morning glory proved to germinate very erratically. In order to study the fate of GA1 during seed germination in this plant, 3H-GA1 was injected into fruits in situ, each fruit receiving 10 F J . at a concentration of 167 ,M (0.585 /g/fruit), and the fruits allowed to mature on the plant. Analysis of radioactivity was made on extracts from 20 mature seeds, from 30 seeds that were allowed to imbibe in water for 24 hours, and from 30 3-day-old seedlings. The results are summarized in table V.
Imbibition of the seed resulted in an increase of the relative amount of radioactivity in the acidic ethvl-acetate fraction (Fr. 2) while that in the aqueous fraction (Fr. 3) and particularly the tissue residue (Fr. 1) declined. In contrast, from the first to the third dav of germination there was a sharp decrease in the relative amount of radioactivity in the acidic ethyl-acetate fraction and substantial increase in the aqueous fraction, suggesting a renewed binding of the free acidic compounds and/or a rapid metabolism of these compounds by the plant.
Within the acidic fraction (Fr. 2) the unaltered 3H-GA1 appeared to increase during imbibition relatively more than compounds X1 and XO, but afterwards this trend was reversed, suggesting a conversion of GA1 particularly to X1. Since morning-glory seedlings are making rapid growth between days 1 and 3 after imbibition, it appears again, as Talble IV. Distribution of Radioactivity in Extracts of Maturing Seeds of Japanese Morning Glory Fruits were detached from the plain at 18 days after anthesn;s and each fruit wals injected with 10 ,ul 3H-GA1 at a concentration of 70 uM (0.245 j/fruit) and subsequently grown on a sterile medium. The acidic ethy'l-acetate fraotion, the aqueous fraction and the tissue residue of the extracts of 25 immaature seeds at 2 days anid of 30 seeds at 4 and 8 days after injection were analysed for radioactivity. X1 and X2 are unidentified substances to which 3H-GA1 is converted. It had been found (Barendse, unpublished data) that the biological activity in the acidic fraction from morning-glory seeds increased significantly during imbibition of the seeds while the biological activity of the aqueous fraction (after hydrolysis) underwent a decline. During the first 3 days of germination, the trend was reversed, the biological activity of the acidic fraction decreasing and that of the hydrolyzed aqueous fraction increasing. These results are again in close agreement with the data for the increase and subsequent decrease of acidic compounds during germination of morning glory seeds as obtained by the use of 3HSGA1 (table V) .
Effect of an Inhibitor of Gibberellin Biosynthesis on Early Seedling Groweth in Peas and Morning Glory. In order to study the possible role of GAs, either free or bound, present in the seeds for the subsequent growth of the seedling it was important to assess the role of de novo GA synthesis during germination. For this purpose, pea and morningglorv seeds were soaked for 24 hours in either distilled water (control) or a solution of the growth retardant Amo-1618 (250 mg/l). Amo-1618 [2'-isopropyl-4'-(trimethylammonium chloride)-5'-methylphenyl piperidine-1-carboxylate] has been shown to inhibit GA biosynthesis in both higher plants and in Fusarium moniliforme (3, 1 ) and to reduce the gibberellin content of developing pea seeds (1). The seeds were planted in vermiculite and subsequently grown in continuous darkness. The length of the shoots was measured and plotted as shown in figure 4 . Each point represents the average of 20 individtual measurements. From figure 4A it can be concluded that germination and growth of peas is independent of de novo synthesis of GA during a period of 2 to 3 days after start of imbibition. From then on, however, Amo-1618 becomes increasingly inhibitory, suggesting dependence of continued growth on GA synthesis in the seedling.
The results with morning glory are shown in figure 4B . Amo-1618 caused an immediate growth inhibition, although from the third day after imbibition onwards the growth rate, at least of plants treated with this Amo concentration, recovered and was only slightly less than that of the control. It appears that germination and early growth in morning glory are more dependent on de novo GA synthesis than in young pea seedlings. However, at least in peas, the gibberellins already present in the seeds appear to be sufficient for sustaining normal development during the first 2 to 3 days of germination.
Discussion
Our results show that during seed development GA1 is partially converted to bound substances. The conversion of labeled gibberellic acid to nonacidic compounds has been reported earlier (22) and it was suggested that neutral or "bound" GAs are reserve forms of the hormone (4). A similar conversion of 3H-GA1 to non-acidic components occurs in growing pea seedlings, but at a much slower rate than in seeds (9) . 'Growth of pea seedlings is independent of de novo GA synthesis during the first 2 to 3 days of germination. During the same period, free GA is released from the aqueotus fraction and is preferentially transported to the growing shoot. These facts suggest that growth of the young pea seedling is, at least partly, supported by GAs which have been laid down in a bound form during seed development and maturation. Free GA is, however, also present in the mature seed and it may also participate in the regulation of germination and the early stages of seedling growth in peas.
The nature of the radioactive substances in the aqueous fraction has not been investigated in detail. In voung pea seedlings, the aqueous fraction seems to contain at least 3 labeled substances (9) . It is likely that the aqueous fraction of seeds is also heterogeneous, consisting partly of breakdown products of 'GA and partly of a "bound" form (or forms) of active GA(s). The following facts support this interpretation. Only 10 % of the radioactivity of the neutral fraction was released into the acidic ethyl-acetate fraction (Fr. 4) upon acid hydrolysis. The rest remained in the aqueous fraction even after repeated hydrolysis. During germination, only a fraction of the labeled compounds in the aqueous phase (10-15 %) was converted to acidic substances. This is in good agreement with the acid-hydrolysis results. From this it appears that a relatively small part of the radioactive non-acidic compounds mav be bound GA while the bulk of the radioactivity is associated with conversion or breakdown products which may not have any further physiological significance. The entire situation is very similar in the Japanese morning glory, except that the latter seems to depend more on newly-synthesized gibberellin during the early growth of the seedling.
Another part of GA1 was converted to 2 uniden- PLANT PHYSIOLOGY tified, acidic compounds, X, and X.. For X., biological activity was proven, while for X, it was demonstrable in only a few experiments. The significance of these conversion products is unknown.
The formation of Xi seems to be correlated witlh rapid growth, and it may be a product of GA utilization, but this is at present clearly a conjecture. Like GA1 itself, the 2 conversion products can occur in "bound" form since acid hydrolysis of the aqtueous fraction (Fr. 3) released not only unaltered GA1 but also X1 and X,. Pea and morning glory seeds exhibited in all these conversions a remarkably similar pattern, suggesting that the observed picture. or a similar one, may hold in seed development, see(d germination and seedling growth in many plants.
